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Addrtron of ascorbrc acid (25, 50 100 pg/ml) to cultures of rabbrt articular chondrocytes did not change 
the total amount of proteoglycans produced However, It mduced an increased retention of these macro- 
molecules m the pencellular fraction The size of the proteoglycan subumts and the length of glycosammo- 
glycan chains, released m the medmm, were not moddied on exposure to ascorbic acid (25 pg/ml) On the 




Ascorbic acid is an essential component for con- 
nective tissue protein biosynthesis [l]. Its mvolve- 
ment as a cofactor in the process of post- 
translational hydroxylation of collagen proline and 
lysme residues has been well-documented [2,3]. 
The vitamin promotes the synthesis of collagen in 
cartilage culture [4] and the proper deposition of 
extracellular matrix in cultured chondrocytes 
[5-71. 
A role of ascorbic acid in the control of pro- 
teoglycan production in chondrocytes has also 
been suggested. However, the previous reports are 
conflicting. In cultured human articular chon- 
drocytes, ascorbic acid (50 pg/ml) has been shown 
to produce a 2-fold decrease in glycosaminoglycan 
(GAG) secretion [8] whereas it increases this latter 
by 70% when used at 70 fig/ml [9]. Addition of 
ascorbic acid (40pg/ml) to cultures of rabbit ar- 
titular chondrocytes obtamed by enzymatic 
dissoclatron does not change the 35S incorporation 
m proteoglycans [lO,ll]. On the other hand, 
explant-derrved chondrocytes from the same 
specres respond with a 2-fold increase in 35S label- 
ling of the newly synthesized proteoglycans, at an 
identical concentratron of vitamm C [12]. 
Ascorbrc acrd Chondrocyte 
Furthermore, little is known about an eventual 
effect of ascorbic acid on both the structure and 
composition of the proteoglycans produced by 
chondrocytes m culture. 
Using [3H]glucosamme as a precursor, we in- 
vestigated here the influence of ascorbic acid on 
the GAG synthesis of cultured rabbit articular 
chondrocytes. To determine whether concomttant 
changes m proteoglycan composition occurred, an 
analysis of the molecules secreted into the medium 
was also performed. 
2. MATERIALS AND METHODS 
2.1. Chondrocyte culture 
Chondrocytes were cultured as described [ 131. 
Briefly, artlcular cartrlage shces were taken from 
the shoulders and knees of 1-2-month-old rabbits. 
Chondrocytes were enzymatically released [141 and 
cultured in DMEM supplemented with 10% fetal 
calf serum, 100 IU/ml penicillin, lOOpg/ml strep- 
tomycin and 2.5 rg/ml fungizone. The cells were 
grown at 37°C m a 5% CO* environment and ex- 
periments were performed on primary confluent 
cultures m 25 cm2 or 75 cm2 flasks. The culture 
medium was changed every 3 days. 
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2.2. Labelbng of chondrocyte cultures 
The cells were exposed to drfferent concentra- 
trons of ascorbrc acid (25, 50, lOO~g/ml~ in the 
same culture medium over a 3-day period. 
On day 2, [l-3H]glucosamme (2 &i/ml) (CEA 
France, spec. act. 10.4 Wmmol) was added and 
the labelhng performed m the last 48 h. 
2.3. rsolatlon of rad~oiabeiled g~ycosam~nog~y~ans 
The radroacttve GAG present m the culture 
medium (extracellular pool), m the supernatant 
obtained by mild trypsmtzatton of the cells 
(pertcellular pool) [9] and m the cell pellet (m- 
tracellular pool) were isolated after pronase drges- 
tron and purified by repeated ~-cetylpyrldlnlum 
chlor~de/ethanol precipitations [ 151. The radtoac- 
ttvrty of these fractions was assayed by hqmd scm- 
trllatton counting after drssolutton m 0.075 M 
NaCl. 
2.4. Separation of ‘H-gly~oconJugates on 
DEAE-cellulose 
A cocktail of protease mhrbrtors (10 mM 
NazEDTA, 5 mM benzamrdmrum chloride, 
0 1 mM 6-ammohexanoic acid, final concentra- 
tion) was added to the media. After concentratton 
by ultrafiltration on a YM 10 membrane 
(Amrcon), the samples were diaiyzed against 7 M 
urea in 50 mM Trrs-HCl buffer (pH 6.5) contam- 
mg protease mhibrtors and applied to a DEAE- 
cellulose column (1.5 x 10 cm) eqmhbrated wrth 
the same buffer Elutron was performed suc- 
cessively wrth 7 M urea m 50 mM Trrs-HCl buffer 
(pH 6.5) (40 ml) and with a 400 ml linear gradient 
of NaCl (O-O.8 M) at a flow rate of 25 ml/h 5 ml 
fractions were collected and the radtoactrvtty 
determined on a 0.4 ml ahquot 
2.5. Get chromatography 
Peak 4 from the DEAE-cellulose chromatog- 
raphy, which contained the proteoglycans (see sec- 
tron 3) was concentrated by ultrafrltratron as 
above, and drvtded into 3 parts 
The first ahquot was extensively dialyzed agamst 
0 1 M sodium acetate buffer (pH 7) with protease 
inhibitors. Solid guamdme hydrochloride was add- 
ed to a final concentration of 4 M. The sample was 
then applied to a Sepharose CL 2B column (1 x 
106 cm) and eluted wrth 4 M guamdme 
hydrochlorld~/O.l M sodmm acetate buffer at a 
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rate of 6 ml/h (dtssoctative conditions), 1 ml frac- 
tions were collected and assayed for radroacttvity. 
The second part of the sample was dialyzed 
against drstrlled water and precipitated with 4 vols 
ethanol. The pellet was dissolved m 0 05 M 
NaOH/l M NaBH4, Incubated for 48 h at 45°C 
and neutralized by glacial acetic acid. Thts pro- 
cedure results m liberation of the GAG chains [16]. 
The GAG were chromatographed on a column of 
Sepharose CL 6B (1 x 115 cm) eluted with 0.1 M 
sodmm acetate buffer (pH 7) (flow rate 6 ml/h). 
1 ml fractions were collected and assayed for 
radtoactlvrty. 
2 6. Digestron wrth GAG-hydrolases 
The third ahquot from peak 4 was submitted to 
@ehmmation as before and free GAG were 
hydrolyzed with 0.5 IU chondrottmase (ABC or 
AC, Sigma) m 0.05 M Trts/acetate buffer (pH 8) 
contammg 0.05 M NaCl for 24 h at 37°C. The 
chromatographIc separation and recuperation of 
unsaturated dtsacchartdes were performed as 
described [17]. A mixture of A-dr-GS, A-dt-4S and 
A-dt-OS (Miles) served as reference. 
To assay the senstttvtty of the radroacttve 
materral from the medium to hyaluromdase drges- 
non, an ahquot of the medium was dialyzed 
against 0.02 M sodium acetate buffer (pH 5), 
0.1 M NaCl and 5 TRU umts of Streptomyces 
hyaluromdase (Calbtochem) were added After 
24 h mcubatton at 37”C, the sample was dialyzed 
for subsequent DEAE-cellulose chromatography. 
3. RESULTS 
3.1. Effect of ascorbic acid on GAG total 
synthesis and cellular drstnbutron m 
chondrocyte cultures 
The [3H]gIucosamme mcorporatron was 
estimated m the extra-, pen- and intracellular com- 
partments. As shown m frg.la, ascorbic acid (25, 
50 and lOO,&ml) did not srgmfrcantly influence 
the total amount of GAG produced by rabbit ar- 
titular chondrocytes m confluent monolayer 
cultures. However, its presence did induce a 
change in GAG repartition between the pert- and 
extracellular fractions (fig.lb). In controls 
(without ascorbic acid), 80% of the total 3H 
radioactivity was found in the culture medmm and 
18% was recovered m the perrceilular fraction. Ad- 
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dition of 25 &g/m1 ascorbic acid to the cultures 
resulted in a new drstributron of GAG, the 
radiolabel amount being approximately equal in 
pen- and extracellular compartments (50 and 48% 
of the total, respectively). 
Hrgher concentrations of ascorbrc acrd (50 and 
IOO~g/ml) did not amplify the pericellular reten- 
tion of the incorporated [3H]glucosamine. In con- 
Ftg.1 Effect of ascorbate on glycosammoglycan 
production and dtstrrbutton m artrcular chondrocytes 
culture The culture medium (DMEM + 10% FCS) from 
confluent chondrocytes m 25 cm’ flasks was changed 
24 h prior to labelhng, and ascorbate added to drfferent 
concentrations (25, 50, l~~g/ml) On day 2, 
[3H]glucosamlne was mtroduced and in~orporatlon 
performed over the foliowmg 48 h. (a) The GAG of 
medmm (extra-, Q-U), perrcellular (pert-, O---O) and 
mtracellular (mtra-, O--O) pools were purrfred and 
counted (see sectton 2) Total GAG (A---A) was 
calculated (extra + pen + mtraf Results are expressed m 
cpm/25 cm* flask Values are means rt SD ( = 4) (b) 
Effect of ascorbate on GAG drstrtbutton expressed as % 
total GAG: extracellular (medmm) (~WZZJ), pencellular 
(-) and mtracellular (n) pools 
trast, with such levels of ascorbic acid, we ob- 
served a reduction of the phenomenon compared 
to cultures treated with only 25 fig/ml ascorbic 
acid (peri-, 30%; extra-, 68%). 
Finally, m both controls and ascorbic acid- 
supplemented cultures, the intraceilular amount of 
Fraction no 
Flg.2. DEAE-cellulose chromatography of medmm 
from artrcular chondrocytes The cultures were treated 
as mdtcated m fig. 1 (ascorbate concentratron 25 sg/ml). 
The medmm was dialyzed and chromatographed on a 
DEAE-cellulose column (1 5 x 10 cm). Elutron was 
performed with a linear gradlent (ti) O-O.8 M NaCl 
{flow rate 25 ml/h, fractton volume 5 ml) Elutton 
profdes of [3H]glucosam~ne-labelled products from 
control cultures (+---et and ascorbate-treated cultures 
(- - -) Peak 4 was recovered (-) and submrtted to 
early studres. 
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GAG represented only 2% of the total labelling. 
3.2. Separatron of 3H-g&COCOnJUgUteS from the 
medium: proteoglycan (PG) lsolatlon 
Medmm ahquots corresponding to lo6 chon- 
drocytes were chromatographed on DEAE- 
cellulose (fig.2). Samples from ascorbic acid- 
treated cultures (25 pg/ml) gave 4 peaks, as for 
control cultures, but the level of these fractions 
were reduced to a variable extent. This result sug- 
gests that vitamin C affects the whole glycocon- 
Jugates synthesized by chondrocytes. 
After pronase digestion of the medmm samples 
and subsequent DEAE-cellulose chromatography, 
peaks 1 and 2 disappeared from the elutron pattern 
(not shown). Fraction 1 (not retained on the col- 
umn) and fraction 2 (eluted by 0 1 M NaCI) pro- 
bably correspond to weakly acidic glycoprotems. 
When the medium was prevrously digested with 
Streptomyces hyaluronidase and then chroma- 
tographed on DEAE-cellulose, peak 3 (initially 
eluted by 0.25 M NaCl) was no longer observed. 
Thus, we concluded that rt contained exclusively 
hyaluromc acid. 
Finally, peak 4 (eluted with NaCl concentration 
between 0.45 and 0.50 M) corresponds to pro- 
teoglycans [ 18,191. The fractions from this peak 
were pooled, the resulting sample dialyzed against 
distilled water containing protease mhrbrtors and 
further analyzed as follows. 
3.3. Gel chromatography of PG subumts 
The PG-containing peak 4 from DEAE-cellulose 
chromatography of the medium was subsequently 
submitted to Sepharose CL 2B filtration under 
drssocratrve condmons, in the presence of 4 M 
guamdme hydrochlorrde (frg.3). The results 
showed that elutron patterns of the PG synthesized 
in the presence or absence of ascorbic acid were 
rdentrcal, the K,, of the subunits bemg 0 31 m both 
cases 
3.4. Gel chromatography of GAG 
After p-elimination treatment o remove serme- 
lmked GAG chains, the resulting material from 
peak 4 on DEAE-cellulose was chromatographed 
on a column of Sepharose CL-6B. As shown m 
frg.4, the size of GAG chains was not affected by 










Fig 3 Chromatography of proteoglycans from culture 
medium of chondrocytes 3H-proteoglycans (fraction 4 
of DEAE-cellulose) were applied to Sepharose CL-2B 
(1 x 106 cm) and eluted under dlssoclatlve condltlons 
(flow rate 6 ml/h, fraction volume 1 ml) Elutlon 
profiles of 3H-proteoglycans from (a) control cultures 
and (b) ascorbate-treated cultures (25 pg/ml) 
3 5. Identlflcatlon and assay of GAG 
The GAG secreted by the chondrocyte cultures 
were identified and assayed by drgestron of alkah- 
treated PG with chondroitmase ABC or AC, 
followed by paper chromatography analysrs of the 
disaccharides produced (frg.5a). 
Approx. 7% of the total [3H]GAG was not 
digested by chondrortmase ABC and remamed at 
the origin, for both control and ascorbic acrd- 
supplemented cultures This most probably 
represents keratan sulfate chains whrch have been 
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Frg.4. Chromatography of glycosammoglycans from 
culture medium of chondrocytes. 3H-proteoglycans were 
treated wrth NaOH/NaBH.+ free ‘H-glycosamlnoglycans 
were apphed to Sepharose CL-6B (1 x 115 cm) and 
eluted with 0 1 M acetate buffer (pH 7) (flow rate 
6 ml/h, fractron volume 1 ml). Elutron profrles of 
3H-glycosammoglycans from (a) control cultures and (b) 
ascorbate-treated cultures (25 pg/ml) 
reported m rabbit artxular chondrocyte cultures 
[20,21]. 
Deduced from the quantitative repartition of the 
disaccharides obtained by chondroltinase ABC 
Fraction no 
Frg.5 Identrfrcatron and drstrrbutron of glycosamr- 
noglycans from culture medium of chondrocytes GAG 
derived from fraction 4 of DEAE-cellulose were digested 
wrth chondroltlnase ABC. After lncubatlon, the mixture 
was apphed to Whatman no.1 filter paper, and the 
chromatogram was developed wtth I-butanob’acetrc 
acid/l N ammonia (2.3 : 1, v/v) by a descendmg 
techmque. The chromatogram was cut into 2 x S cm 
segments. Each segment was eluted with 1.5 ml of 
0 01 N HCl and radIoactivity was counted m 15 ml 
ACS. (a) RadIoactIvIty of unsaturated drsaccharrdes. 
(o--+) Digest of GAG from control cultures and 
(A---A) ascorbate (25 p&/ml) treated cultures Arrows 
correspond to standards of unsaturated disaccharides 
(b) Distrrbutron of glycosammoglycans expressed as % 
total GAG 1, keratan sulfate, 2, chondromn 4,6-drsul- 
fate; 3, chondroltln 6-sulfate, 4, chondroltln 4-sulfate, 
5, chondrortm. Control chondrocytes (0). ascor- 
bate-treated (25 pg/ml) chondrocytes (-). Each term 
indicates mean + SD (n = 3). 
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Table 1 
Dtstrlbutlon of giycosammoglycans secreted m the medium by rabbit artlcular 












(070 of total) (070 of total) 
20 14 
60 58 
10 2 11 7 
12 2 14 0 
44 0 32 5 
16 22 0 
59 40 
10 27 
a Data show the average results from duplicate experiments 
b The percentage of hyaluromc acid was calculated from results after separation 
of hyaluromc acid and proteoglycans on ~EAE-celluIose (fig 2) 
’ Total chondroltm = chondroltm 4,6-dzsulfate + chondroitm &sulfate + 
chondroltm 4-sulfate + chondroltm (nonsulfated) 
July 1985 
treatment (figSb), the percentages of keratan 
sulfate, chondronm 4,6-diS and chondrottm 6-S 
were 7, 13 and 15%, respectively of the total GAG 
present m PG from both controls and ascorbic 
acid-supplemented cultures. 
In contrast, the presence of ascorbic acid m- 
duced a reduction of the chondrortin 4-S relatrve 
amount from 55% (controls) to 38% whereas the 
unsulfated chondromn increased from 9% (con- 
trols) to 25%. 
Treatment of the GAG with chondrortmase AC 
and subsequent chromatography of unsaturated 
drsaccharides revealed the presence of a small pro- 
portion of sulfated dermatan (3-4%) whtch was 
not affected by the addition of ascorbic acid to the 
cultures (not shown). 
Table 1 summartzes the repartttron of the GAG 
secreted by cultured rabbit artrcular chondrocytes, 
with or without ascorbic acrd. The ratio of HA to 
total GAG m the medmm fell from 20% m controi 
cultures to 14% in the cultures supplemented with 
ascorbic acrd 
4 DISCUSSION 
The present data show that the total synthesis of 
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proteoglycans produced by the monolayer cultures 
of rabbtt articular chondrocytes was not altered on 
ascorbate exposure, at least for concentrations 
ranging from 25 to 100~gfml. 
These results confirm previous reports [lo, 1 I] 
and especially the work of Weber et al. [ll] who 
showed that vitamin C had no effect on the 
amount of 35S mcorporated by artrcular chon- 
drocytes from 4 different mammal species. In thrs 
latter mvesttgatron, chondrocytes were also ob- 
tamed by enzymatic drssoctation. 
In contrast, it has been shown that explant- 
derived rabbit chondrocytes respond to ascorbate 
wtth a 2-fold increase m PG productton [12]. Thts 
suggests that the chondrocyte sensttivity to ascor- 
bate might depend on the procedure used for then 
rsolatton In this respect, the proteolytic enzymes 
used to degrade the extracellular matrix could be 
involved since they are known to depress PG syn- 
thesis m freshly isolated chondrocytes [22] 
However, our experiments were performed on 
IO-day cultures so that eventual membrane altera- 
tions induced by enzymatic treatment would have 
completely regressed. 
Our data show that addmon of ascorbate to the 
cultures induced a decrease m the amount of PG 
Volume 186, number 2 FEBS LETTERS July 1985 
secreted into the medrum and a concomitant rise in 
the pericellular fractron. A similar effect has been 
observed for collagen m fibroblasts 1231, smooth 
muscle cells [24] and sternal chondrocytes [7]. In 
addition, the global synthesis of colllagen is 
generally enhanced by ascorbate. The interactions 
between collagen and PG have been under study 
for some time. Due to the presence of acidic 
groups in GAG and basic amino acrd residues 
(such as lysine and arginine) in cohagen chams, 
electrostatrc links may occur between the two types 
of macromolecules. Thus, the accumulation of PG 
in the periceliular matrix that we have reported 
here could be related to the increased eposition of 
collagen m the same fraction. This may be further 
substantiated by the finding that the collagen pro- 
duced by the chondrocytes, mainly type II, 
preferentially interacts with the sulfated chon- 
droitms which are components of PG secreted by 
these cells [25] 
The retention effect was not limtted to PG since 
there was a depression of the whole 3H- 
glycoconJugate fraction m the medium. In par- 
ttcular, the hy~uronic acrd content of this com- 
partment was reduced, although this molecule is 
known to display less affmtty for collagen than PG 
1261. The PG subunits and HA, which are linked 
by non-covalent bonds to form aggregates, might 
compete for the collagen binding sites. 
In our experiments, the presence of ascorbate in 
the cultures did not alter the hydrodynamic size of 
the PC subunits, as has been reported for chick 
chondroc~es [27], nor did rt modify the GAG 
cham length. On the other hand, the dlstrlbutio~ 
of chondroitln types was changed since the amount 
of chondroitin 4-sulfate showed a 30% decrease 
whereas nonsulfated chondroitins underwent a 
3-fold enhancement. However, the level of chon- 
drortin &sulfate remained constant. 
Recently, two sulfotransferases (chondroltin- 
6-sulfotransferase and chondroitin-4-su~fotrans- 
ferase) that catalyze sulfate transfer m the 6- and 
4-positrons on chondroitin acetylgalactosamine 
residues, have been purified from extracts of 
eprphyseal cartilage [28]. Besides the substrate 
specificity, these two enzymes differ m solubtlity, 
optimum pH, Km and behavior towards some ef- 
fectors, especially reducmg agents. Hence, the 
respective syntheses rates of chondromn 4-sulfate 
and chondroitln 6-sulfate might be influenced by 
the physlcochemlca1 characteristics which prevail 
inside the chondroc~es, particularly the oxrdo- 
reduction status [29], the latter depending on the 
dehydroascorbate/ascorbate ratio. 
The increase in unsulfated chondroitin produced 
in the presence of ascorbate could be due to a 
sulfation defect m the GAG synthesis process, or 
greater hydrolysis of sulfate esters from GAG 
which were previously sulfated. 
However, catabolism enhancement seems 
unlikely to occur smce it has been shown that 
ascorbate reduces the A and B arylsuifatase ac- 
tivttres m chondrocyte cultures [9]. In addition to 
Its differential action on sulfotransferases, ascor- 
bate might reduce the intracellular pool of PAPS 
required for the sulfatton process. This could oc- 
cur via a negative moduIatlon of some steps in- 
volved m the transformation of extracellular m- 
organic sulfur into intracellular PAPS: reduced 
membrane transport of S, depressed activrty of 
ATP-suifurylase and APS kinase, for example. 
Blosynthesls of ascorbate 2-sulfate from ascor- 
bate and inorgamc sulfate, as suggested by 
Hatanaka and Egami [30], cannot be excluded, 
Ascorbate 2-sulfate would serve as a sulfate donor 
to chondro~tins but with less efficrency than 
PAPS. 
Mourao and Salac 1311 reported that the transfer 
of sulfate on the non-sulfated chondroitln occurs 
mrttally m position 6 of the ~-acetylgalactosamlne 
moiety 
Moreover, partially desulfated chondroltln IS a 
better sulfate acceptor than totally desulfated 
chondro~tln, suggesting that the sulfatron of chon- 
droitm sulfate may be a process in whtch the addi- 
tion of some sulfate groups factlnates further 
sulfation. 
Our data agree with these observations, since 
ascorbate suffate decreases the transfer of sulfate 
group and increases the proportion of non-sulfated 
chondroitln The non-sulfated chondroitm ~111 
then be easily sulfated m position 6, thobgh the 
same process for posttion 4 will mvolve more 
difficuIt]es. 
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